The generation of fine machined surfaces with high gloss is an important topic in mould manufacturing. The surface gloss can be characterized by means of scattered light sensors and a representative parameter such as Aq. In this paper, in-line measurements of scattered light distribution are compared with roughness parameters calculated using a confocal microscope, in order to assess surface aesthetic quality. Several surfaces have been machined by means of high precision milling, producing different surface topographies. Surface characterization has been performed on a machine using a scattered light sensor, and using a confocal microscope in laboratory conditions. The calculated Aq parameter is compared with the amplitude roughness parameters Sa and Sq, and with hybrid parameters Sdq and Rdq representing the average slope of the surface features. Scanning electron microscope (SEM) images are used as visual benchmarks to identify the parameters' correlation with the visual appearance. A different linear trend of the relationship between Aq, Rdq, and Sdq is observed. The description of the surface quality through Sa or Sq instead is found to be insufficient. This is explained by means of SEM pictures showing a dramatic influence of the smeared material over the machined surface.
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Introduction
Within the trend of "Industry 4.0" [1] , more and more quality control operations are shifting from off-line to inline applications. On a machine, data collection significantly decreases the response time in which information is made available, allowing the implementation of realtime strategies for optimizing the process itself [2] , and increasing the overall efficiency and precision of the process [3] .
In-line and on-the-machine monitoring of manufacturing processes becomes particularly important in production of small batches of high-value products, where on-line adjustment of a process with a short response time is required [4] .
Ball end milling is a well-established machining process used for the production of free-form surfaces, in particular in the mould industry. Due to the spherical shape of the cutter, the tool can follow the curvature of the part being machined, and is therefore particularly suited for complex free-form geometries. The complex kinematic of the cutting process in ball end milling influences the topology and integrity of the generated surface [5] . When the surface has aesthetic functionality, the micro geometry, i.e., the roughness, becomes of crucial importance.
Nanometer-scale surface texture and micrometer-scale waviness are known to improve the aesthetic quality of machined parts [2, 6] .
Surface roughness is conventionally indicated on technical drawings in terms of Ra and Rq (Sa and Sq). These parameters are the most common and well-known, but they provide a limited amount of information about the aesthetics of the surface. The relationship between the surface generating process, surface topography characterization, and surface functionality has been addressed in [7, 8] .
Measurements of roughness parameters require the use of profilometers, interferometers, or optical microscopes. Thus, they are carried out off-line, because they are not suited for shop-floor measurements with uncontrolled environmental conditions [9] . Issues related to the traceability of instruments for metrology at microscale and nanoscale are discussed in [10] .
Gloss is defined as "the attribute of the surfaces that causes them to have shiny or lustrous metallic appearance" [11] . It is associated with the amount of light reflected in a mirror-like direction [12] , and is inherently related with the orientation of the microscopic facets composing the surface [11] . A quantitative evaluation of the average micro facets orientation can be performed through light-scattering measurement [13] .
Using scattered light sensors in an industrial contest has several advantages such as: high measurement rate, fast coverage of large areas, and low sensitivity to the environmental conditions [14] . Scattered light sensors are widely used to characterize the surface texture in the semiconductor and optical industries [9, 15] . In-process charac-terization of rotational symmetric polished surfaces using scattered light sensors has been demonstrated in [16] .
The scope of this work is to verify the applicability of a scattered light sensor for machine characterization of ball end milled surfaces with aesthetic functionality, to be used in injection moulding tools. For this purpose, different surfaces have been machined using ball end mills. The gloss of the machined areas has been evaluated using a commercial scatterometer integrated in a five-axis milling machine in order to perform in-line (onthe-machine) measurements. The results have been compared with laboratory confocal measurements and SEM images to assess the feasibility of in-line measurements for aesthetic evaluation.
Characterization of Aesthetic Surfaces
The aesthetic requirements of mould surfaces are related to the desired surface appearance of moulded parts. In polymer injection moulding, the polymer replicates the mould surface, and therefore it is necessary to correctly evaluate the mould appearance. The quality of highgloss surfaces can be assessed by means of visual inspection. Trained operators examine the mould surfaces and decide whether the specific aesthetic requirements have been met. As this process is based on an operator's observation, it lacks repeatability and objectivity. Unbiased parameters such as Sa and Sq are roughness amplitude parameters that describe the surface in terms of deviation from the mean line of the profile. More specifically, Sa is the arithmetic average of the profile amplitude, while Sq is the average root mean square (RMS) height. Being amplitude parameters, they do not describe spatial periodicity and profile slopes, which strongly affect the visual appearance of the surface.
Direct estimation of surface gloss can be performed by means of a scattered light sensor.
The scatterometer used in this work projects a light beam toward the surface, and a diode array measures the intensity and angular distribution of the light coming back. An ideal mirror-like surface scatters the light in a specular direction. In contrast, a real surface scatters the light back with a certain angular distribution.
The variance of the scattered light angular distribution can be used to characterize surface gloss (Aq parameter) [17] . The higher Aq, the broader the intensity distribution, leading to a lower glossiness of the surface [18, 19] .
In order to validate the applicability of scattered light measurements for evaluating surface appearance, Aq values are compared with SEM images of the surfaces and with two other roughness parameters, such as Sdq and Rdq.
These two parameters represent the RMS of the slopes of the profile, and they are calculated through optical profilometer measurements. 
Experimental Plan

Machining Strategy
The specific tool geometry influences the surface appearance and therefore, two different tools have been used: a cubic boron nitride ball end mill (cBN), and a tungsten carbide ball end mill (WC), as shown in Fig. 1 . Both tools were two-fluted with a radius of 0.5 mm, but had different teeth geometries. The tools have been mounted in a Mikron HSM 400 ULP five-axis milling machine. A square tool path has been machined on a flat steel surface with an inclination angle of 40 • between the surface normal and the spindle axis. The particular choice of the tool path divides the test parts into four different zones that will be referred to as A, B, C, and D ( Fig. 2) .
Considering the tool moving clockwise, it will start machining the surface while moving vertically upward (zone A). After that, it will move horizontally downward (zone B), and again vertically downward (zone C).
Eventually, the tool will move horizontally again (zone D), and it will reach the starting point (zone A) in Fig. 2 .
In each of these zones, the engagement conditions between the tool and the workpiece are different, and in turn, the topology of the generated surfaces is different. In this way, it is possible to simulate the different cutting conditions that may occur when machining a free-form surface.
All the four zones were machined using cBN and a WC tool was replicated twice.
Scattered Light Sensor Measurement Strategy
A commercial scatterometer, OptoSurf OS 500-32, has been integrated in the five-axis milling machine, and has been used for the gloss measurements. The instrument consists of a photodiode that generates a light beam (λ ∼ 670 nm [20] ). The beam is focused on the surface within a spot size of 0.9 mm, and a photodiode array detects the intensity and angular position of the light scattered back from the surface. The maximum detectable scatter angle is related to the diode array length, and is approximately ±16 • , with numerical aperture (NA) = 0.28. The instrument has been fixed to the machine tool spindle (the same used for surface machining), and the tool path has been programmed to scan the test part surface. Due to the high measuring rate of the Optosurf, it has been possible to scan the whole 20 × 20 mm workpiece surface in 16 min, using a scanning speed of 500 mm/s and a hatch space of 0.1 mm. The measurements have been repeated by scanning the workpiece parallelly and orthogonally to the feed direction of the cutting tool. The intensity of the scattered light and the Aq parameter have been logged on an external computer and processed with MATLAB. Five points for each surface in the in-feed and cross-feed measurement directions have been extracted from the data file with the respective value of Aq. Care has been taken in extracting the same points on the scattered light distribution plot as those measured with the confocal instrument.
Confocal Microscope Measurement Strategy
The surfaces have been measured in laboratory conditions with a confocal microscope LEXT OLS 4100, using an objective lens with 50x magnification and a NA of 0.95. The micrscope uses a blue laser in the scanning mode with a spot size of 0.2 μm. Fig. 3 . Sa and Sq calculated from the confocal measurements. Sdq Fig. 4 . Sdq calculated from the confocal measurements.
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Five points, 250 μm × 250 μm, have been selected on the surfaces A, B, C, and D, both for the surfaces generated by the WC tool, and for those generated by the cBN tool. Every measurement has been repeated three times.
Experimental Results
The confocal images have been processed using SPIP Image Metrology TM software, a first-order global levelling correction has been applied to the pictures, and Sa, Sq, and Sdq have been calculated. Subsequently, five profiles along the feed direction and orthogonal to it have been extracted, and the Rdq parameter has been calculated and averaged for each direction. A characterization of the surfaces is shown in Fig. 3 , where every column consists of the average of ten points (5 points per two repetitions).
The most favorable conditions in terms of Sa and Sq were achieved in zone D for the WC tool and in zone B for the cBN tool, with a minimum Sa roughness of 36 nm. The other areas present higher roughness, up to 100 nm.
The parameter Sdq is shown in Fig. 4 . It is nearly constant in the area machined using the WC tool and dramat- ically increases when the cBN areas are analyzed, with areas A and C showing values much higher than areas B and D. The Rdq value is shown in Fig. 5 , in both the orthogonal and parallel direction to the tool feed. It is interesting to notice that the higher values of Rdq are not always measured across the feed direction as expected.
In Fig. 6 , the Aq values are presented in the orthogonal and parallel direction as well. At first glance, as expected, the trend in Aq values shows much more similarity to Sdq and Rdq than to the amplitude parameters Sa and Sq. However, some discrepancies can be noticed in the relation between Aq, Rdq, and Sdq; the relative differences of the values between different areas are not the same for the three parameters. To gain a better understanding of the surface topology, SEM pictures of the areas are shown in Table 1 and are enlarged in Fig. 7 .
A clear difference is evident in the relative orientation of the main lay of the surface with respect to the feed direction. While in zones B and D, the feed and the lay of the surface are parallel, but this is not the case in zones A and C. This is especially evident in the area machined with the cBN tool, and less evident when using a WC tool.
The surfaces machined with the cBN tool have a "foggy" appearance and a visually higher percentage of smeared material. Surfaces machined with the WC tool have a higher visual gloss and a limited presence of smeared material.
Discussion
Surface Generation Mechanism: SEM Analysis
The different tools and tool paths produce completely different surface topologies. As the light scattering is closely related to the orientation of the surface micro facets, the way in which the light is scattered is different as well. Taking a closer look at the generated surfaces while having in mind cutting direction and tool rotation, we can draw some conclusions about the way in which the surface is produced. Zones A and C have been cut when the tool was moving upward and downward, respectively, as described with respect to Fig. 3 . The cutting speed results are always orthogonal to the feed direction, and the cut material is pushed and deformed over the yetto-be-machined surface in zone A, and over the freshlygenerated surface in zone C. The tool marks in the feed direction are completely hidden by the smeared material generated by the teeth.
In zones B and D, the situation is different: the cutting speed is parallel to the feed direction, and the material is pushed along that direction. The feed marks are clearly visible, and less smeared material is generated. These dynamics are emphasized in the areas machined by the cBN tool, which show a considerable amount of smeared material, as can be seen in Fig. 8 . The presence of smeared material on the surface is not strictly related to Sa and Sq; because they are amplitude parameters, the surface extension in the vertical direction is much more relevant. Most likely, the smeared material creates a pattern with low z amplitude but higher slopes of the surface micro facets, thus influencing the average gradient of the surface rather than the average height.
Amplitude Parameters: Sa and Sq
The lowest roughness values are reached in zone B, using the cBN tool. In zone D, similar roughness values are measured for cBN and WC tools, while in the other areas, the differences are more pronounced. If a comparison with Table 1 is done, no close visual match with the amplitude roughness parameters and surface appearance can be identified; on the contrary, some areas with foggy visual appearance (surface C machined with cBN, for example) show lower values of roughness than shiny surfaces (e.g., surface C machined with WC). 
Surfaces Slopes Evaluation: Sdq
The measured Sdq values are represented in Fig. 5 for the four different surfaces. Sdq is consistently lower in the area machined with WC tool, with a close match with the visual appearance of the SEM images of the surfaces. Sdq is a measurement of the average gradient of the surface slopes. Surface gradients, and thus surface angles, are mainly responsible for the distribution of the scattered light angle. This may explain the good visual correlation.
Surfaces Slopes Evaluation: Rdq
Before calculating Rdq, some considerations need to be decided. Rdq is a 2-D parameter and therefore, the direction in which it is calculated has to be decided. If Rdq is compared with scattered light measurements, it should be calculated in the direction in which the light is scattered the most; thus, it should be calculated across the surface main lay. Examining the cutting dynamics, higher average slopes of the micro facets are expected along the cross-feed direction, while a smoother surface is generated along the feed which defines the main lay direction. Table 1 shows that this is not always true: in zones A and C, the feed marks are completely covered by smeared material.
In order to detect the dominant lay direction, the Std parameter is calculated, as shown in Fig. 8 .
Std is a roughness parameter representative of the direction of the dominant lay of the surface; the more the lay is parallel to the x-direction (in Fig. 8) , the closer Std is to 90 • . This roughness parameter is calculated for every area and once the dominant lay direction is known, Rdq is computed accordingly.
According to Std, the correct Rdq value to be considered is orthogonal to the feed direction in zones B, D, and C (machined with WC), and parallel in the others. As noticed for Sdq, a strong correlation is identified with the visual appearance of the SEM images of Table 1 .
Light Scattering Measurement Evaluation: Aq
The intensity of the scattered light distribution is detected using a linear CCD array. Therefore, the sensor needs to be oriented consequently with the measuring direction. When a light beam strikes the surface, it is scattered in an elliptical shape with a main axis orthogonal to the surface main lay (as stated in the Optosurf Operating Manual). By orienting the sensor accordingly, it is possible to capture a larger part of the light distribution, obtaining a more significant value of Aq.
Also, in the case of Aq, the significant values are those measured orthogonal to the feed direction in zones B, D, and C (machined with WC), and parallel in the others.
The calculated Aq values are shown in Fig. 6 . They follow the same trend recognized for Rdq and Sdq, even though the variations among the different surfaces A, B, C, and D are not the same.
Comparison of Aq with Rdq and Sdq
When considering surface gloss and light scattering, the orientation of the surface micro facets plays a key role. It is reasonable to look for a relationship between parameters linked with the surface slopes (Sdq and Rdq) and with the scattered light distribution (Aq).
As observed before, all the three parameters are in close agreement with the visual appearance of the surfaces from the SEM images. However, before directly comparing them, the NA of the different instruments used for the measurements must be considered.
The scatterometer has a spot size of 900 μm and a NA of 0.28, meaning that most of the surface slopes with angles bigger than ±8 • (half of the reflection angle) will scatter the light outside the detector, and thus will not contribute in the measurement of Aq. On the other hand, the confocal microscope scans a square area of 250 × 250 μm with a NA of 0.95, and can detect slopes up to 85 • . When Rdq and Sdq are calculated from the confocal measurement, the value is computed while considering micro facets with higher angles than the maximum detectable angle by the detector array of the Optosurf. This may re- sult in a shift of the experimental points toward higher values of Rdq (Sdq).
Rdq and Light Scattering Parameter Aq
For every data point of the different zones, Rdq and Aq, as calculated orthogonal to the main lay direction, have been plotted. The data are shown in Fig. 9 . The chart highlights three different trends in accordance with the tool feed direction.
The surfaces machined with the WC tool present a lower spread of the data points, indicating quite uniform surface quality, independent of the tool feed direction.
The points belonging to zones A and C machined with the cBN tool instead show a linear increase of Aq with the increase of the value of Rdq, with an average Aq significantly higher than in areas B and D machined with the same tool. On the other hand, zones D and B show constant Aq values, independently of the variation of Rdq. Figure 9 also shows that even though comparable values of Rdq are measured for the surfaces machined with the cBN tool, a different behavior in term of light scattering is detected by the scattered light sensor.
Sdq and Light Scattering Parameter Aq
Sdq is an extension in two dimensions of Rdq, and hence a similar relation with Aq is expected.
Three different trends can also be noticed in this case, as shown in Fig. 10 . They are not so pronounced as in the case of Rdq-Aq, but this can be ascribed to the unidimensional size of the CCD detector in the scatterometer with which Aq is calculated.
Surface Slope Trends and Smeared Material
The reasons why different trends occurred between Aq/Sdq and Aq/Rdq are still unclear. However, this phenomenon is emphasized in the areas machined with a cBN tool, in which the presence of smeared material is more pronounced (zones A and C). These discrepancies in the smearing patterns suggest that the topography of the smeared material can be the responsible for the different trends in the light scattering behavior.
Rdq and Sdq are a measurement of the average RMS slope of the surface, but they do not provide any information about the slope's spread and distribution. The high gradient features produced by smeared material are detected by the confocal microscope, and they give a great contribution to enhancing Rdq value. Due to the steep slopes, the smeared material can scatter the light at high angles and even out of the scattered light sensor range, and is therefore not contributing to the calculated Aq value.
Conclusion
In this work, a commercial scatterometer has been integrated in a milling machine to test the feasibility of inline measurements of milled parts. The results have been compared with confocal measurements of the same parts in a laboratory environment. The scattered light measurements provide a close match with the visual appearance of the part surfaces. The confocal measurements of Rdq and Sdq are in agreement with the overall trend of the gloss of the surface if the surfaces present similar topology. Two different trends in the relation between the roughness parameters Rdq and Sdq have been detected. The areas machined with a cBN tool show different ratios of Aq/Rdq depending on the tool feed direction. The smeared material on the part is assumed to be the responsible for the significant differences in the Aq value. In zones A and C, the more emphasized smearing pattern leads to higher Aq values compared with zones B and D. The well-established roughness parameters Sa and Sq failed in describing the appearance of the surface. As amplitude parameters, their correlation with the surface gloss is significant only to a certain extent.
